PWM Ripple Currents Based Turn Fault Detection for Multiphase Permanent Magnet Machines
which may short out some of the turns. When an interturn fault occurs, excessively high current will circulate in the shorted turns and increase the winding temperature to a level where severe damage or even breakdown of the whole insulation occurs [7] . In some PM machines, the large short-circuit current can produce localized magnetic field intensity higher than the coercivity of the magnets, thereby demagnetizing the magnets irreversibly [8] . Also, a large percentage of the insulation failures starts from a turn-to-turn insulation problem and subsequently develop into more severe insulation faults, such as coil-to-coil short circuit, phase-to-phase short circuit, and phase-to-ground short circuit, all of which lead to substantial damage to the machine. Therefore, a swift detection of interturn short fault during machine operation is essential to avoid subsequent damages, and reduce repair cost and drive outage time.
In recent years, turn fault detection has been extensively studied, and various techniques and methods have been proposed. One of the most popular techniques is based on the machine current signal analysis [8] . The spectrum or frequency components in machine current is analyzed and recorded under healthy conditions [9] - [12] . Such current spectrum is different under turn fault conditions, which can be used to detect fault. From mathematical analysis, only several specific frequency components are focused since their variations are more related to fault, and can indicate fault more accurately. However, these frequency components are usually specific to a given machine. For a different machine with different rotor structure or winding configuration, the featured frequency components need to be analyzed again [13] . For most 3-phase machines, a turn-fault will cause phase unbalance and result in the amplitude difference of 3-phase current, thus generating the 2nd harmonic in dq axis currents [14] , [15] or voltages [16] . Therefore, they have been utilized to detect the turn-fault by many researchers. Under ideally balanced conditions, the 2nd harmonic in dq axis currents or voltages should be zero under healthy conditions and become nonzero under fault conditions. However, due to inherent unbalance of a practical machine or other nonideal factors in inverter and control, the 2nd harmonic of dq currents or voltages is nonzero even under healthy conditions. Also, the magnitude of 2nd harmonic is dependent on operating conditions. Therefore, a lookup table for the reference values under healthy conditions has to be established. While this detection technique is applicable to different types of machines, other faults, such as demagnetization or eccentricity, may also generate the same frequency component, making it difficult to distinguish these fault types [17] , [18] .
Most of these techniques are focused on the turn fault detection in steady states. Since transient states will distort the current spectrum, traditional frequency analysis methods such as fast Fourier transform [14] , short-time Fourier transform [19] become invalid or limited, and more advanced but more complex methods are used, such as wavelet transform [20] , HilbertHuang transform [21] . However, their demand for large memory and computation time usually makes it difficult to be implemented in real time.
Other researchers have used the negative sequence component of current or impedance for turn-fault detection [22] . It has been pointed out in [6] that this is equivalent to the detection technique based on the 2nd harmonic. Residual current, voltage, or back-electromotive force (EMF) are also utilized to detect turn fault [22] - [24] , where an accurate model is used for prediction and the residual between the prediction and measurement is used for fault detection. This technique improves the signal-to-noise ratio and the effectiveness of fault detection. However, an accurate model can be difficult to obtain since some parameters, such as resistance and back-EMF, are temperature dependent. The current residual can be analyzed in each phase or in the dq reference frame as those described previously for turn fault detection [25] . Although the sensitivity and accuracy for the fault detection may be improved, the intrinsic asymmetry of the machine and drive still requires compensation. Since the machine voltages are usually not measured, the use of command voltages for predicting currents is also problematic due to inverter dead time and nonlinearity.
In [4] , [26] , and [27] , search coils are installed in the stator teeth, and the induced voltage can be used to detect turn fault. It is said that the method is insensitive to speed and load variations, and can distinguish eccentricity, demagnetization, and turn fault effectively [4] , albeit they are intrusive. Unless machine is wound intentionally before implementation, there is little possibility for a general machine to be disassembled and rewound so as to employ such techniques for fault detection.
Diagnostic methods based on high-frequency (HF) signal injection techniques are proposed in [28] and [29] . The featured HF components are actually transformed to a low-frequency region, which are fundamentally the same as the negativesequence component methods [5] . The injection of the HF signal will have a detrimental effect on drive performance and hence limit its applicability.
The detection based on pulse-width modulation (PWM) ripple current was first proposed in [30] . The HF currents generated by PWM voltages are utilized to detect turn fault. Thus, no extra signal injection is needed. The root-mean-square (rms) ripple current is measured as the fault indicator, and the faulted phase can also be identified. Since the ripple current exists under healthy condition and is dependent on modulation index, or operating condition, extensive tests in order to establish a lookup map are still inevitable, and yet the map obtained in steady-state tests may not be effective to monitor the machine conditions during a transient state. To circumvent these problems, this paper proposes an improved technique. A new fault indicator is Fig. 1 . Geometry of 10-slot, 12-pole SPM machine [30] . Fig. 2 . Schematic of winding under turn fault [30] . defined, which is independent from operating conditions, robust to inherent unbalance, and is hardly affected by transient states. Therefore, it will be more effective for turn fault detection in all possible operating scenarios.
II. ANALYTICAL STUDY OF HF PWM RIPPLE CURRENTS

A. Turn Fault Detection Technique Based on PWM Ripple Currents
In the previous research [30] , a turn fault detection technique based on PWM ripple current measurement was proposed and applied to a 10-slot, 12-pole, 5-phase surface-mounted PM (SPM) machine with only one coil per phase. The geometry of the machine is shown in Fig. 1 . It is an alternate tooth wound SPM machine which exhibits inherently fault tolerance due to both physical and magnetic separation of the phase windings with virtually no mutual magnetic coupling between the phases.
The schematic of a single winding of the machine under the turn fault conditions with N f faulted turns out of a total N number turns is shown in Fig. 2 . Based on the schematic, the HF admittance of the winding under fault conditions is derived as
where R h , R f , L hh , and L ff are the resistance and selfinductance of the healthy and fault turns, respectively, and M hf is the mutual inductance between the healthy and faulted winding parts. R f is the resistance in the shorted path and is assumed zero in the analysis for sake of simplicity. At high frequency, the difference between the admittances under turn fault and healthy conditions is more significant, making it promising for turn fault detection with HF signals.
The previous detection technique is based on measurement of rms PWM ripple currents which increase under fault conditions. However, they are also dependent on operating conditions, which implies that operation-dependent thresholds have to be established by extensive tests. While such a process to determine the thresholds may be possible under a laboratory condition, it is impractical in real applications. Furthermore, the thresholds obtained in steady-state tests may not be effective for monitoring machine conditions in transient. Thus, it is desirable to develop a new fault indicator that is relatively constant under most operating conditions, and is also unaffected by transient states.
In order to determine such a fault indicator, the variation of HF currents due to turn fault is analyzed based on a simplified fault model. Although errors may exist in the simplified model, the results give insightful understanding of how HF currents change under fault conditions, and provide guidance to define and evaluate a new fault indicator.
B. Analysis of HF PWM Ripple Currents
For generality, a multiphase machine with m number of phases is assumed. The star connection of the phase windings with their equivalent circuits and the power converter under a turn fault condition in phase A are shown in Fig. 3, where i a , i b , . . . , i m are the phase currents, and i f is the current in the shorted branch. Based on the equivalent circuit shown in Fig. 3 , the basic equations that describe the relationships between the voltages and currents when a turn fault occurs in phase A are given as
where u ah , u af are the voltages in the healthy and faulted parts of phase A winding, u a , u b . . . u m are the inverter output voltages referred to the ground (N), and u nN is the voltage between the neutral point (n) and the ground. The unknown u nN is obtained as
by summing the m voltage equations in (2) and rearranging. By eliminating it, the current can be directly related to the inverter output voltage. For HF currents due to PWM operation, the contribution of the back-EMFs can be ignored because they are of low frequency. Hence, the equations in (2) can be rearranged by removing the back-EMF and eliminating u nN with (3) in the form of HF components in PWM voltages 
. . , i M are HF currents in each phase, and i Fa is the HF current in the shorted circuit. For the sake of simplicity, the relationship between the self-and mutual-inductances and μ may be approximated as
where j denotes the rest of healthy phases, b, c, . . . , m. This is true in the machines which have low leakage flux, or the machine with one coil per phase [31] . The basic parameters of the prototype machine under healthy and fault conditions are extracted from finite element analysis software FLUX2D, and are shown in Tables I and II , respectively. Since this machine is an SPM machine, the saturation due to current is insignificant.
Even though the short current is much larger than the rated, the effect of small number of faulted turns (2 turns in the study) on saturation is also very small. Therefore, the saturation under both healthy and fault conditions is neglected, and all the inductances are assumed to be constant. With (5), (4) can be simplified to where s denotes the Laplace operator. The first m equations show the relations among the HF voltages, the HF phase currents and the fault current. It is clear that the differences in the currents are caused by the fault current, since the HF voltages are essentially symmetric when the frequency modulation ratio is greater than 15, and known. Under healthy conditions, the fault current is zero, hence all HF currents should be symmetric with the same amplitude. The last equation in (6) relates the HF fault current to the HF phase A current, which can be substituted into the rest equations to establish the relation between the HF currents and HF phase voltages. After defining a coefficient k f as
the final expressions for HF voltage phasors in all phases can be written as
in the form of corresponding HF currents and phase A voltage. Since the first terms in (8) are associated with the impedance under healthy conditions, the calculation and comparison of HF currents in each phase can be performed by applications of HF voltages. As the HF voltages are symmetric, it is very easy to use such a procedure to calculate the ratio of the resultant HF currents in two adjacent phases. Fig. 4 shows the schematic phasors diagram and their relative magnitudes for the 5-phase machine for a given HF voltage component.
The HF voltage across the normal phase impedances should be equal to the input HF voltages under healthy conditions, but deviate from them to different extents under turn fault conditions. Since the fault occurs in phase A, the amplitude change in HF current of phase A is the largest. Although the influence of turn fault on the other phase voltage, represented by the green arrows in Fig. 4 , is the same, the resultant changes of HF currents in each phase, which are proportional to the red arrows, are different.
The amplitude of HF current is dependent on HF voltages, which is determined by modulation index. Thus, a nonconstant threshold whose value is related to operating conditions is needed, if turn fault detection is based on the amplitude variation of the HF currents. Since the change of the HF currents is dependent on operating conditions, the margin between the threshold and actual value to avoid false alarm is also nonconstant, which compromises the sensitivity and robustness of the fault detection.
However, once a fault scenario is assumed, the phasor plot in Fig. 4 can be determined. If the HF voltages change with operating conditions, the amplitude of phasors will also change proportionally. The proportional change will not affect the relative amplitudes of the HF currents in all phases. Therefore, the comparison of HF currents in adjacent phases in the form of ratio is investigated.
III. TURN FAULT INDICATOR ANALYSIS
A. Prediction of HF PWM Ripple Currents
PWM operation of an inverter produces a specific set of HF voltages whose frequency and magnitude can be analyzed.Assuming sine-PWM is employed, the frequency components of the inverter output voltage can be expressed [32] as follows and its spectrum is shown in Fig. 5(a) :
where V D is the dc voltage, M m is modulation, ω c is switching frequency, ω r is the fundamental frequency, θ r is the phase angle of the fundamental modulation signal, and θ c is the initial phase angle of the carrier wave. J y is the Bessel function of the yth order. x and y are nonnegative integers, and when x is odd, then y is even, and vice versa. It can be seen from (9) that the frequency and magnitude of the voltage components can be expressed as follows: The switching frequency of the inverter is set to 10 kHz for the machine under study, and the frequency components shown in Fig. 5 (a) accord with those in (10) . After elimination of the zero sequence voltages based on (4), the spectrum of u A is shown in Fig. 5(b) . The side band frequency components with x greater than 2 are ignored, since their amplitudes are much smaller.
The magnitudes for the sideband around 10 kHz, Ma 12 , and for the sidebands around 20 kHz, Ma 21 and Ma 23 , can be evaluated by (11) and their variations with modulation index are illustrated in Fig. 6 . It is seen that over a wide range of modulation, the magnitude of the sideband at 2f c ± f r is the largest. Although the magnitude at 2f c ± 3f r is relatively small, its frequency is very close to 2f c ± f r . As a result, the combined magnitude of the two sideband HF components around 20 kHz is much larger than that around 10 kHz in most cases. These two components are chosen for further evaluation. To extract them from measured currents, a 4th order bandpass (BP) filter can be designed with the centre frequency of 20 kHz, and the band width of 2 kHz.
After filtering by the BP filter, the HF currents contain four frequency components, 2f c ± f r , 2f c ± 3f r . The voltage components that generate the corresponding currents are given as
The HF current at each frequency can be calculated by (7) and (8) as described in Section II, and the admittance associated with each frequency component can be defined as The expression for HF currents in phase A after filtering can be written as
and its rms value is further assessed.
B. Fault Indicator
The rms value of a signal given as
can be obtained by and an analogue rms converter which consists of a square function, a low-pass filter (LPF), and a root-square function, as shown in Fig. 7 . Ideally, all the frequency components except the dc component should be filtered out through the LPF; thus, the output should be a dc signal. When the input to the rms converter i A is expressed in (14), the ideal output can be written as shown in (16) at the bottom of the page.
Although rms current i A rms changes when turn fault occurs, there is no simple way to define a threshold since i A rms h and i A rms f under healthy and fault conditions are dependent on modulation index, as shown in Fig. 8 . Thus, the threshold must be determined as a function of modulation index, rather than a constant, which will increase the complexity. At low modu- Fig. 9 . Variations of rms current ratios with modulation index under healthy and 2-turn fault conditions. lation index, the margin between the rms currents under fault and healthy conditions becomes small, which would reduce detectability.
Therefore, the comparison of the rms ripple currents between phases is studied for the purpose of better fault detections. The ideal output of the rms current for phase B can be similarly derived and is given as shown in (17) at the botttom of the page and their ratio of the rms currents in phases A and B under healthy and fault conditions is shown in (18) at the bottom of the next page.
It can be shown that
, under healthy conditions and, hence, the ratio should be 1, regardless of modulation index. Under fault conditions, the ratio is unequal to 1, albeit it is still dependent on modulation index. The ratio variations with modulation index under healthy and 2-turn fault conditions are compared in Fig. 9 for the prototype machine whose parameters are given in Table II . It can be seen that for the whole range of modulation index from 0 to 1, the ratio under fault conditions deviates significantly from 1 and the slight variation at higher modulation index will not affect fault detection. The large deviation from the healthy value of 1 under the fault condition indicates a high signal-to-noise ratio and a constant threshold will be sufficient to ensure sensitive and robust fault detection. Furthermore, during a transient when speed or load torque changes under healthy conditions, the modulation will change, but the ratio k AB h should remain 1 according to Fig. 9 . Thus, the fault detection with the rms current ratio as indicator will be effective in both transient and steady-state.
Note that the ratios for other phases can also be calculated in a similar way, but among them k AB is the largest and is used as the indicator because the turn fault is assumed to occur in phase A in this case. In real applications, the faulted phase can be arbitrary; thus, the ratios for each two adjacent phases need to be calculated in real time. Under healthy conditions, all the ratios should be 1. Under fault conditions, the ratios differ from each other. If any ratio is larger than the predefined threshold, then a fault can be detected. Also, the largest ratio can identify the phase where the turn fault occurs. The above analysis is based on ideal conditions with simplified models for the convenience of feature extraction. The conclusion obtained is mainly qualitative, while the exact ratio under fault may not be predicted accurately. However, it can at least prove in theory that the ratios of the selected rms ripple currents are superior to the amplitude as the turn fault indicator. The applicability of these analytic results is explored in simulation and experimental studies in the next sections.
IV. SIMULATION RESULTS
The proposed turn-fault detection technique is assessed by MATLAB/SIMULINK simulations on the 5-phase fault tolerant PM machine shown in Fig. 1 with parameters listed in Tables I and II. The 5 phases are star connected and fed by a 5-phase inverter as shown in Fig. 3 . The inverter operates under sine-PWM at 10 kHz switching frequency. To accord with the analysis, a 2-turn fault is injected in phase A at 0.03 s. Fig. 10 shows the phase currents in A, B, C, D, and E, and their HF currents after BP filtering and amplifying under both healthy and 2-turn fault conditions, when the drive responds to a speed demand at 1000 r/min with i q = 6 A. It is evident that the HF currents of all the phases and their rms values are equal when the machine is healthy. When turn fault occurs in phase A, the HF and rms currents differ among all the phases with those of phase A being the largest.
To test the robustness of fault detection in transients, the variations of speed and torque, shown in Fig. 11 , are introduced in the simulation and a 2-turn fault is injected at 0.3 s in phase A. The detecting results are shown in Fig. 12 . In the simulation, the rms currents are obtained by the signal processing function of the rms converter shown in Fig. 7 . As can be observed, the rms currents contain undesired ripples. This is because the ideal LPF in an rms detector is not possible and the sidebands associated with the fundamental frequency are present in the converter outputs. Thus, the output of the rms converter will contain the frequency components at twice of the fundamental frequency which causes the output fluctuations. Consequently, the ratios also contain ripples, which make the detection less robust if they are to be compared with a constant threshold. Thus, to eliminate these ripples, a simple LPF with its corner frequency equal to the fundamental frequency can be applied to enhance the robustness of detection.
It is seen from Fig. 13 that under the healthy condition, the rms currents in each phase are equal and the ratios are 1, and they are immune to speed variation, except for the initial transient. The step change in torque does affect the ratios slightly, but the influence is insignificant and can be ignored. The ratio deviation from 1 during the initial transient is due to the fact that there is no sufficient data for rms calculation. After one revolution, correct rms values in each phase are obtained, and the ratios are no longer affected by subsequent changes in speed. Under the fault condition, the ratios deviate from 1 with the largest above 3. Such a large deviation gives a high signal-to-noise ratio with a constant threshold without the need for extensive experimental tests and calibrations.
If the machine has an inherent unbalance, most detection methods published in literature are affected, and data map through extensive tests is usually the only solution. The effect of phase unbalance on the proposed technique is also simulated. It should be noted that the unbalance in the back-EMFs will not have any effect on the proposed detection technique because they are of low frequency and filtered out. Hence, the simula- tion is performed by assuming the inductance and resistance in phase B are 3% and 5% larger than those in the other phases, respectively. The simulation results are shown in Fig. 13 under the same operating conditions. As will be seen, the ratios associated with phase B under the healthy condition are slightly increased to 1.045 due to phase unbalance. However, the ratio under the fault condition is far greater. Thus, a few percent machine unbalance has little effect on this detection technique. Fig. 14 shows the detector responses when the drive operates under the same speed and load profiles shown in Fig. 11 but the fault is injected at 0.1 s during the speed transient. It is evident, the detection is equally effective under the nonstationary conditions.
The robustness of the proposed method is compared with that described in [30] where the detector signal proportional to rms ripple current is used against predefined thresholds as a fault indicator. Fig. 15 shows the simulated fault indicators of the two methods in response to step change in load current at 500 r/min under healthy condition. If the detector signals proportional to the rms ripple currents are to compare with the predefined thresholds directly, false alarms are very likely to occur as shown in the second graph of Fig. 15 . This is caused by the time delay of the rms detection. Thus, reliable detection with the technique described in [30] is only feasible in steady state. However, since the time delay for all the phases is equal, the effect on the ratio is greatly reduced. As a result, the ratio-based method will not cause false alarms in transient state, enhancing the robustness and reliability of the fault detection.
V. EXPERIMENT RESULTS
The proposed turn-fault detection technique has been tested on the 5-phase prototype machine described in Section II-A. The machine is mounted on the test rig shown in Fig. 16(a) and is controlled by the 5-phase MOSFET inverter shown in Fig. 16(b) . A 2-turn fault for short-time duration is injected by the relay shown in Fig. 16(a) . The test machine operates in a torque control mode with an encoder feedback and the speed is adjusted by a dynamometer. The dc-link voltage is set 60 V. The 5-phase fault tolerant drive system is controlled at 10 kHz switching frequency using a digital signal processor (DSP) board (EzDSP F28335). A separate analogue BP filter circuit board is designed and installed to extract the HF components around 20 kHz from measured phase currents and obtain their rms values through rms converter chips. The outputs of the rms converters are then sampled through the analog-to-digital converter of the DSP, where the ratios are calculated in real time. The diagram of the signal processing chain of the detecting technique is shown in Fig. 17 . Fig. 18 shows the detection results at i q = 3 A and 500 r/min with 2-turn fault. The machine is operating under healthy conditions until 0.12 s, when the 2-turn fault is injected. It can be seen that the rms values for 5 phase HF currents are initially different under healthy conditions and the ratios are not equal to 1. This is due to a number of factors. First, a small phase unbalance is inevitable in a practical machine due to manufacturing tolerance. Second, the tolerance of capacitors used in the BP filter board is ±5% and small differences in filter gain also exist in different phases. Hence, the BP filter frequency responses in each phase are slightly different and the ratio under healthy conditions may not be 1 in an actual system. Despite the deviation from the ideal conditions, the change of the ratios under the fault condition is still significant compared to that under healthy condition; thus, the effectiveness of the ratios as a fault indicator can be verified. The ripples of rms currents are observed. To eliminate the ripples, a simple digital LPF with adaptive corner frequency is applied in the DSP, and the filtered ratio is smoother and relatively constant, which will improve the robustness of the detection.
The ratio deviation from 1 under healthy conditions can be easily corrected by a simple calibration. By way of example, the ratio k AB h calculated from measured rms currents in phases A and B under healthy conditions is recorded, and a calibration coefficient is defined as
The coefficient is applied to obtain the calibrated ratio k AB . for both healthy and fault conditions, given as
The calibration processes for other ratios are applied in the same manner.
The results after the calibration are shown in Fig. 19 . The ratios are 1 under healthy conditions, while they differ significantly from 1 when the 2-turn fault occurs in phase A. The ratio k AB under the fault condition is the largest, which can be used to identify the faulted phase. These results are consistent with the foregoing analysis and simulations. The evident change in k AB provides a very effective means for detecting fault.
The sensitivity of calibration to operating conditions is further assessed. Figs. 21 and 22 show k AB ratio variations before calibration with respect to speed and load current and with modulation index, respectively. It is evident that the actual ratio is not exactly but close to 1, and is virtually constant under all operating conditions. Therefore, the calibration only needs to be performed at one operating point. In this case, the calibration coefficient for k AB is 1.08. The ratios in faulted state are also very close and distinctive from 1 for a wide range of op- erating conditions. Although the ratio at low speed and no load i q = 0 A, is smaller than the ratios under most operating conditions, which may be caused by machine unbalance and filter design tolerance, they have little effect on the fault detection. To compare with the technique proposed in [30] , the detecting results from this technique are shown in Fig. 20 . Before the detection can be effective, calibration for each phase is needed with at least two test operating points assuming that the rms current is linearly proportional to modulation index. However, more data points are required if the relationship is no linear. Furthermore, the detector outputs under the fault and healthy conditions at low speeds are so close that reliable fault detection is not possible with the method reported in [30] . However, these are not the problems in the ratio-based detector as evident in Fig. 21 .
In contrast, the fact that ratio of rms current ripples in two adjacent phases is 1 in the proposed technique provides a very simple means of autocalibration. Fig. 23 shows the ratio variations with modulation index after calibration under both healthy and fault conditions. As can been seen, a small difference in the ratio exists for a given modulation index. This is not seen from the theoretical analysis but can be explained. At the same modulation index with different combinations of i q and speed, the effect of unbalance in phase impedance on the ripple current will be different. Furthermore, the BP filter gains at the four side band frequencies are also different. These differences are ignored in the analysis, but will cause the actual ratio slightly affected by speed at a given modulation index. However, these differences are insignificant, and will not affect the detection. The experimental results verify the significant differences in the fault indicator under healthy and fault conditions, which implie that the proposed technique has a high signal-to-noise ratio, which enhances the robustness of the turn fault detection. Fig. 24 shows the detector output during transient under healthy condition. At 500 r/min, a step change in load current from 0 to 3 A is applied to i q at 0.2 s. A slight speed variation is witnessed from the waveform of phase current i A due to limited disturbance rejection capacity of the dynamometer. Despite this, the ratio processed by the DSP is hardly affected. A similar test is performed with the machine operating at 500 r/min and i q = 1 A, and the 2-turn fault is initiated at 0.2 s and removed at 0.42 s. The resultant phase current, fault current, and fault indicator are shown in Fig. 25 . The fault current increases from 0 to 10 A, and the ratio changes immediately from 1 to 3 when the fault occurs. The effect of LPF to remove the ripple in the original ratio can also be seen. Although it will introduce additional delay, the effect is not significant as the fault can be detected within 0.05 s with the threshold set at 2. While the developed technique is verified on the 5-phase SPM machine which exhibits negligible effect of magnetic saturation, it should also be applicable to machines whose parameters are significantly affected by magnetic saturation, such as interior PM (IPM) machines. This is because under healthy conditions, the multiphase machine is balanced and the ratios of PWM current ripples between two adjacent phases should be 1.0 regardless of operating (or saturation) conditions. If a turn fault occurs in one of its phases, the incremental inductance at a given operating condition in each phase becomes different and hence the ratios would deviate from 1.0, which provides an effective means of detecting the fault. The details of the application of the proposed detection technique to IPM machines will be reported in future.
VI. CONCLUSION
The proposed turn fault detecting technique utilizes the HF currents generated by PWM voltages directly without the need of extra HF signal injection. The rms values of the selected HF PWM currents are obtained by analogue BP filters and rms converters which are required as extra electronic circuits, and the ratios between the rms currents from two adjacent phases are calculated and employed as the fault indicator. It has been shown that the nonideal factors such as phase unbalance and tolerances in the filter components can be effectively removed by a simple calibration. Thus, the implementation of the proposed technique is convenient without the need of a lookup table.
The simulation and experiments also show that the proposed technique is effective in both transient and steady states.
